ABSTRACT
INTRODUCTION

29
Vertebrates often forage in groups to get a more accurate estimate of the location and 30 quality of resources (Giraldeau and Caraco, 2000; Templeton and Giraldeau, 1996; Valone, 31 1989; Ward and Zahavi, 1973) . Insects also convey information about the location and 32 quality about a food source through social interactions. For example, honey bees signal the 33 direction and distance of food locations to other bees (Frisch, 1965) , ants complement their 34 individual memory of a route to food using trail pheromones left by scouts (Czaczkes et al., 35 2011), and stimulus enhancement and local enhancement at the food source improves 36 foraging efficiency in bumble bees (Alem et al., 2016 ; Avarguès-Weber and Chittka, 2014; 37 Leadbeater and Dawson, 2017; Worden and Papaj, 2005) . These social effects on foraging 38 have been mostly studied at the level of behavioral outcome, and the neural mechanisms of 39 how social information transfer improves foraging are still unknown. 40 The fruit fly, Drosophila melanogaster, is a suitable model organism for studying the effects retrieval when in groups (Chabaud et al., 2009 ). However, it is still unknown whether social 50 information transfer affects flies' associative odor-food learning during foraging. 51 The mechanistic understanding of foraging in fruit flies is unparalleled, both in regard to the 52 neural mechanisms of odor-guided search (Galizia, 2014; Haverkamp et al., 2018; Wilson, 53 2013) and feeding (Itskov and Ribeiro, 2013) , and of associative odor-food learning (Burke et Here we investigated whether fruit flies socially interact during foraging and whether group 58 size affects associative odor-food memory expression. We developed an automated foraging 59 assay to study classical odor-reward conditioning in single flies and in groups of flies. We 60 conditioned flies to associate an odorant with a sucrose patch, and then tested their 61 associative odor-food memory expression. We found that small groups (3 -4 flies) and large 62 groups (7 -8 flies) showed extended odor-food memory expression compared to pairs of 63 flies or single flies, and pairs of flies showed shorter memory expression than single flies. 64 Moreover, flies in small or large groups, but not in pairs, were attracted to each other. These 65 data suggest that flies socially interact during foraging and that these social interactions 66 increase the efficiency of odor-guided food search. 67 
68
MATERIALS AND METHODS
69
Animals
70
Drosophila melanogaster wild type Canton S were raised on a standard food medium (100 71 mL contain 6.7 g fructose, 2.4 g dry yeast, 0.7 g agar, 2.1 g sugar beet syrup, 0.282 g ethyl 72 paraben and 0.61 ml propionic acid). Flies were raised in a room with normal day light cycle, 73 with an average temperature of 23.5 °C and 32% relative humidity. One to four days old flies 74 were anesthetized with CO2 and female flies were collected. Flies were starved for 2-3 days 75 to motivate them to search for food. Flies were starved in a fly vial with filter paper soaked 76 in water.
77
Conditioning apparatus
78
To condition groups of flies, we used an automated rotating platform with four concentric 79 arenas ( Figure 1A, B) . The arenas were covered with a watch glass (7 cm diameter, 8 mm table and the video recordings were controlled with   106 custom-written software in Python (Stefanie Neupert).
107
Odor-food conditioning 108 All experiments were done between 10:00 and 12:00 or after 15:00 during periods when 109 flies show higher foraging activity (Breugel et al., 2017) . Each experimental run contained 4 110 differently sized groups ("single", "pair", "small group", "large group"), and the positions of 111 the 4 arenas used for the 4 differently sized groups were balanced across experimental runs. 
Data analysis
142
Normalizing arenas for comparison 143 For both the conditioning and the test datasets, we centralized each arena so that the center 144 point of the circular arena was at (0, 0). The center point was determined by taking the 145 midpoint between the CS+ and CS-locations; the x and y coordinates of the CS+ and CS-146 were recorded manually. We then converted each Cartesian coordinate to polar 147 coordinates, in order to rotate each arena so that the CS+ location was at the top of the 148 arena and the CS-was at the bottom. We took the distance of the CS+ to the center as a 149 reference radius of 1, and normalized all coordinates to this radius. We then filtered out any 150 points that had a radius equal to or greater than 1.3 to remove tracking errors. Note that for 151 the conditioning dataset, only the x and y coordinates of a fly per frame were recorded. For 152 the test dataset, the x and y coordinates per frame were recorded, but also the identity of 153 the fly across frames. Thus the analysis for the two datasets differs slightly.
154
Visit probability maps 155 Visit probability maps were generated only for the test dataset. For every individual fly, we 156 divided the arena into 20 x 20 pixel bins. For each frame, we gave the pixel bin that 157 contained the coordinate of the fly a score of 1, and gave all of the other bins a score of 0. 158 We summed the scores of each pixel bin over all frames and then normalized by the track 159 length for each individual. For each group size, we then took the mean of each pixel bin over 160 all individual fly tracks. We used the same analysis for the time-binned visit probability maps 161 by looking only at the frames that occurred during the time bin.
162
Calculating the distance of individual flies to the CS+ and CS- 163 We calculated the distance of each fly to the CS+ and to the CS-in every frame using: 
167
Approach probability 168 For the conditioning data, the coordinates of the flies were tracked for each frame. For every 169 frame of the experiment, we scored each point: if the fly was closer to the CS+ than the CS-, 170 it was given a score of 1, otherwise it was given a score of 0. We then divided the data into 171 one-minute time bins. For every experiment we calculated the number of ones and zeros in 172 each time bin; if there were more ones than zeros, the time bin was given a score of 1 for 173 that experiment, otherwise it was given a score of 0. We then took the mean for each time 174 bin over all experimental runs.
175
For the test data, we used a similar method, however since we had the fly identities over the 176 whole video, we calculated the approach probability using the individual fly tracks. This To investigate the effect of group size on conditioned approach probability for the CS+, we 216 used a binomial generalized linear model (GLM), with conditioned approach probability as 217 the binary response variable (1 = approach, 0 = no approach). We used the logistic 218 regression (logit) link function. The group size ("single", "pair", "small group" and "large of that distance was the response variable, and the type of data (experimental or simulated 250 data) was used as the explanatory variable. We used the same method as specified above to 251 test for differences.
252
To investigate whether the encounter number and lengths were different to random 253 (simulated data), we used an LM with either encounter number or encounter length as the 254 response variable, and the type of data (experimental or simulated data) as the explanatory 255 variables. We used the same method as specified above to test for differences.
256
To determine whether the mean encounter number per fly differed between group sizes, we 257 randomly assigned pairs of experimental and simulated encounter numbers from different 258 experimental runs for each group size ( Figure 2F ). For each pair, we then subtracted the 259 simulated encounter number value from the real encounter number value (difference 260 between encounters). This allowed us to compare between group sizes as by removing the 261 simulated value, we remove the number of encounters that could be due to chance, which is 262 correlated with group size. To test for differences between group sizes, we used an LM. The 263 response variable was the "difference between encounters". The explanatory variable was 264 the different group size ("pair", "small group" and "large group"). The large group was used 265 as the reference level. We used the same method as specified above to draw inferences 266 about the differences between the large group and the other two group sizes. 
344
Flies were transferred from the conditioning to the test by rotating the platform ( Figure 1B ).
345
In between conditioning and test there was a pause, where the platform was rotated to a to associate the CS+ with food.
356
Flies conditioned and tested in groups exhibit extended associative odor-food memory 357 compared to flies conditioned alone or in pairs 358 We next asked whether group size affects the expression of associative odor-food memory 359 during the test and determined the conditioned approach probability for the CS+ (Figure 2A ).
360
We calculated the conditioned approach probability for the CS+ by the following steps: 1) If a 361 fly spent more time near the CS+ than the CS-, it scored a one, otherwise it scored a zero. 2) 362 If an experimental run had more flies scored with one than zero, the experimental run itself 363 was scored as 1, otherwise zero. 3) We took the mean across experimental runs to get a 364 conditioned approach probability per group size. During the test, all group sizes showed a 365 conditioned approach probability for the CS+ that was significantly higher than chance 
368
Both the large group and the small group showed significantly higher conditioned approach 369 probabilities than the pair group (p(large group > pair) = 0.983, p(small group > pair) = 370 0.968), however there were no differences between any of the other group sizes (see Table   371 S1). There was no differences between group sizes for how quickly the flies approached the 372 CS+ ( Figure S1A ), however the pair approached the CS-significantly faster than the single fly To investigate the time course of memory expression, we calculated the conditioned 425 approach probability over one-minute time bins ( Figure 2B ). During the first minute of the 426 test, the single fly showed a higher conditioned approach probability than the pair (p(pair > 427 single) = 0.031). Between the 2 nd to 7 th minutes, the large group showed higher conditioned 428 approach probabilities than both the single fly group and the pair group throughout most 429 other bins tested (Table S1 ). The large group also showed higher conditioned approach 430 probability than the small group during the 4 th minute and the 6 th minute. The pair group 431 showed the lowest conditioned approach probability which was only significantly different 432 to chance during the second minute (2 nd minute: p(pair > 0.5) = 0.997), and during the 3 rd to 433 7 th minutes, the paired group showed a significant lower approach probability than the large, 434 small and single fly groups (Table S1, To compare encounter number across group sizes, we needed to correct for trivial 457 differences in encounters that are just due to differences in the group sizes (in larger groups 458 there is a higher chance for random inter-fly encounters). We corrected for these trivial 
